Abstract -The kindling phenomenon is classically investigated in epileptology research. The present study aims to provide further information about hippocampal kindling through computational processing data. Adult Wistar rats were implanted with dorsal hippocampal and frontal neocortical electrodes to perform the experiment. The processing data was obtained using the Spike2 and Matlab softwares. An inverse relationship between the number of "wet dog shakes" and the Racine's motor stages development was found. Moreover it was observed a significant increase in the afterdischarge (AD) duration and its frequency content. The highest frequencies were, however, only reached at the beginning of behavioral seizures. During the primary AD, fast transients (ripples) were registered in both hippocampi superimposed to slower waves. This experiment highlights the usefulness of computational processing applied to animal models of temporal lobe epilepsy and supports a relevant role of the high frequency discharges in temporal epileptogenesis.
Temporal lobe epilepsy (Tle) is the most frequent epilepsy form in adults 1 and its major cause is mesial temporal sclerosis (MTS), which comprises around 60-70% of Tle cases 2 . MTS presents with a high clinical refractoriness rate, medical treatment being able to provide seizure control in only 20-40% of the cases 1, 3, 4 . In refractory patients surgical treatment may be indicated, with the current rate of favorable outcome with microsurgery reaching around 67 to 85% of the patients 4, 5 . Despite the different treatment modalities, a significant amount of patients remain with poor epilepsy control. In order to improve the current MTS treatment, it is important to try to achieve a better understanding of temporal lobe epileptogenesis. To fulfill this purpose, development of animal models of temporal lobe epilepsy have become a valuable tool. The method of hippocampal kindling is high-hippocampal kindling analysis cordeiro et al.
lighted over other animal models due to its behavioral and electrophysiological features. Kindling is know as the phenomenon in which ictal discharges and epileptic behavioral manifestations progressively appear and increase gradually in complexity, thus favoring the investigation of seizure generation 6, 7 . Advances in computational field may also contribute to epileptological studies. The Spike2 software (Science Products Gmbh, hofheim, Germany) allows the synchronization between the electrophysiological recording and the animal behavioral pattern. It also permits the association with other softwares to sophisticate local field potentials (lFP) signal analysis. An example is the coupling with the Matlab software (The MathWorks, Natick, USA), which integrates the signal processing form to the construction of spectrograms, which facilitates the signal evaluation. The objective of this study is to evaluate the use of computational analytical tools applied to the lFP signal recorded from rats submitted to the hippocampal kindling model.
METHOD
In order to perform the experiment, 12 adult Wistar rats of both sexes (non-pregnant), with weight between 250 and 350 grams were used. The animals were obtained through the Uniklinik Freiburg (Germany) and their use was approved by its ethical commission in compliance with the regulation for experimental animal models. The animals were individually housed during all the experiment period in transparent cages alternating, 12 hours in daylight and 12 hours in darkness. All experiments were held at the same time during the day light cycle. Food and water intake was ad libitum. Three rats were excluded due to technical problems with the electrodes. Anesthesia for cerebral electrode implantation was performed with intraperitoneal injection of ketamine10% (100 mg/kg), xylosine 2% (3 mg/kg) and atropine 0.5 mg/ml (0.1 mg/kg). For post-operative analgesia, subcutaneous buprenorfine (0.05 mg/kg) was used. The animals were placed in the stereotactic frame and burr holes were drilled in the skull according to the coordinates for the dorsal hippocampus 8 . A bipolar twisted platinum electrode was implanted (125 μm diameter and mean impedance of 413±220 kΩ at 10 hz) on the right dorsal hippocampus (y= -3.6; X= -2.4; Z= -3.5). A tungstenium monopolar electrode was also implanted (60 μm diameter and mean impedance of 1220±544 kΩ at 10hz) on both dorsal hippocampi anteriorly and posteriorly to the platinum electrode (y= -2.6; X=±1.5; Z= -3.2 and y= -4.6; X=±3.5; Z= -3.4). Additionally, two monopolar tungstenium electrodes were implanted in both frontal neocortices aiming at the primary motor area (1 mm anterior to the coronal suture), one monopolar reference electrode above the left cerebellum and one occipital screw for grounding. Fixation to the skull was performed with dental cement and cranial screws and the electrodes were plugged into the multiple channel connector. A multiple channel connector was plugged into the MPA8I pre-amplifier, which was linked to the PGA32 signal amplifier. PGA32 was coupled to the analogue-digital converter ceD Power1401 and the generated signal was displayed by the Spike2 software. The behavioral pattern was registered and synchronized to the lFP signal and exhibited in real time. one week after the implantation, hippocampal kindling was started. A daily electric stimulus was applied (for five consecutive days separated by two days interval). Biphasic square waves at 60 hz with 0.4 ms of pulse width, ±0.5 mA of amplitude were applied during 1.6s. The lFP signal was filtered from 1 hz to 5 khz, recorded at a sampling rate of 10.4 khz and 500 times amplified. The obtained behavioral response was classified according to the Racine and Pinel and Rover seizure scales 9,10 ( Table 1) .
Sessions were individually repeated until each rat reached ten consecutive behavioral seizures with a minimum Racine score of five (i.e. fully kindled state). After process completion, the animals underwent intracardiac perfusion under deep anesthesia for histological verification of electrode position. Recorded lFP were analyzed in order to determinate the number of wet dog shakes (WDS) and the primary after discharge (1AD) duration. WDS are a stereotyped motor patter (mimicking the shake of a wet dog), which are associated to a characteristic electroencephalographic discharge. WDS quantification was done by direct observation of the characteristic behavioral and electrophysiological patterns. For the 1AD determination, amplitude and frequency analyses were utilized. Amplitude analysis was performed by means of the Spike2 software. For frequency analysis the lFP signal was processed into power frequency spectrograms by the Matlab6.5 software (Fig 1) 11-12 .
Due to the number of animals and non-normal distribution of data, non-parametric Mann-Whitney-U-test was used at significance levels of 95% and 99%. For statistical analysis the JMS software (SAS Software corporation, cambridge, england) was utilized.
RESULTS
The kindling process was divided into seven phases in order to be studied in details ( Table 2 ). The first kindling session of each rat was named D0 (first phase). The individual number of kindling sessions needed to the appearance of the first generalized behavioral seizure was divided into four quarters. The session referred to the first quarter was named D1, D2 to the second quarter, D3 to the third quarter, D4 for the fourth quarter (the session when the first generalized behavioral seizure appeared). D5 correspons to the fifth generalized behavioral seizure and D6 to the end of the kindling process (fully kindled state).
Behavioral response
During the hippocampal kindling process, each rat presented the first generalized behavioral seizure after a mean of 22.6 sessions (SD=9.2). eight animals completed the kindling process after a mean of 42.4 sessions (SD=8.8). one rat showed a connector problem after D5. The duration of the behavioral response of each seizure (Racine score of three or more) was analyzed on D4, D5 and D6 phases. A statistically significant difference was observed between D4 and D6 (p<0.05), presenting D6 a longer duration (Table 3) .
The WDS amount of each session was quantified and a progressive decrease along the kindling process was observed. As the behavioral manifestation reached a higher Racine score, the number of WDS rate decreased, establishing an inverse correlation between the WDS occurrence and the development of the Racine motor stages (Table 4) . A statistically significant fall on the number of WDS after the first generalized behavioral seizure (D4) was noticed (p<0.05).
Amplitude and frequency content
Through the visual lFP inspection before (control period) and after the triggering stimulation, it was noted that 1AD consisted of waves of higher frequency and amplitude. After 1AD a relatively silent period was visualized, in which frequency and amplitude were inferior to the control period. The 2AD period (rebound) was marked by slow and high amplitude waves, which ceased simultaneously in all the eight recording channels, finalizing the kin- dling sessions. After D4 (generalized behavioral seizure) an increase on 1AD complexity was observed and the visual differentiation between 1AD, interval and 2AD became difficult. Nevertheless, the after discharge end remained clear on all channels. The lFP analysis coupled to the power frequency spectrograms showed high frequency discharges above 100 hz (including ripples). Ripples (high frequency oscillations between 100 and 250 hz) were visualized superimposed to slower waves and were present on both hippocampi even before the behavioral seizures appearance (D4) (Fig 2) .
1AD duration analysis
The lFP frequency and amplitude increase were used to determine 1AD duration on both hippocampi. 1AD start was marked when the frequency after the stimulus overcame the control period frequency and the end was marked when it returned to the control period value. The same procedure was used for amplitude analysis. Duration measurements were performed on signal recorded from posterior electrodes situated on both dorsal hippocampi.
A significant duration increase after the first behavioral seizure was observed in the right hippocampus (Rh) through the frequency analysis, being D0 shorter than D4, D5 and D6 (p<0.05, p<0.01 and p<0.05 respectively). D1 was shorter than D5 and D6 (p<0.05 and p<0.01), as well as D2 was shorter than D4 and D5 (p<0.05). The same recordings submitted to frequency analysis were used for amplitude analysis. D0, D1, D2 and D3 1AD duration were individually shorter than D5 and D6 (p<0.05 and p<0.01). In summary, a statistically significant 1AD duration increase was observed in the right hippocampus (Rh) after behavioral seizures appearance.
Regarding to frequency analysis performed on the signal recorded from the left hippocampus (lh), there was a statistically significant 1AD duration increase when comparing D0 and D6 (p<0.05). In amplitude analysis it was observed that D0 was shorter than D4, D5 and D6 (p<0.05, p<0.05 and p<0.01). D1, D2 and D3 were shorter than p<0.01. Thus, a statistically significant and progressive increase on 1AD duration was also observed in the left hippocampus during the kindling process.
For an evolutional view of the duration increase, the means of each session are exposed (Fig 3) .
By comparing both analytical tools, no significant difference in the 1AD duration between amplitude and frequency analysis in the lh was detected. Nevertheless, in the Rh D1, D2 and D3 duration was shorter by amplitude analysis. (p<0.01, p<0.05 and p<0.01).
DISCUSSION
Kindling phenomenon was first described in 1967 and since then has been extensively studied in animal models of temporal lobe epilepsy 6 . The phenomenon is characterized by a progressive installation through electrical stimulation repetition. Stimulation is delivered through deep brain electrodes and the obtained response is an afterdischarge (AD). The typical hippocampal AD seen in the initial kindling sessions is characterized by a low frequency basal pattern and has few behavioral correspondents. Ictal and behavioral events increase in complexity during the process, culminating with the appearance of high frequency oscillations and complex motor responses. Progressive development of electrophysiological and behavioral epileptic patterns are the features that mainly characterize the kindling phenomenon 7, 15, 16 . Kindling evolution may be seen in different cerebral areas, being more dramatically observed in temporal lobe structures, as the hippocampus and amygdala, as well as its adjacent cortical structures (perirhinal, entorhinal and piriform areas) 17 . Despite local stimulus application, hippocampal kindling constitutes a temporal lobe epilepsy model resulting in partial complex seizures with secondary generalization. This occurs due to the progressive neuronal recruitment from session repetition 18, 19 . In very advanced phases, behavioral seizures may appear spontaneously, without the need of a triggering stimulus 20, 21 . Generalized seizures induced by hippocampal kindling, regardless of dorsal or ventral stimulation, present similar behavioral pattern when compared to those elicited through amygdala kindling. The AD pattern is, however, peculiar to the hippocampus. A typical hippocampal kindling session initiates with triggering stimulus followed by the 1AD period, a relatively silent period, and the 2AD period (or rebound period). This electrophysiologic pattern is typical of hippocampal kindling and is not seen in perirhinal cortex stimulation and amygdala stimulation 16, [22] [23] [24] . This feature allows an electrophysiological evaluation of the electrode position even before histological analysis.
Behavioral pattern
In the amygdala kindling the Racine motor convulsive conditions are usually observed following the 1, 2, 3, 4, 5 sequence. The rats in this experiment skipped the first 2 stages, presenting a 3, 4, 5 sequence. This finding goes along with other reports about hippocampal kindling. Different from amygdala kindling, the hippocampal features involve a faster progression to more advanced motor stages, leading to a fast ictal generalization affecting the motor area. The progressive duration increase of behavioral seizures and the presence of the stages 6, 7 and 8 (Pinel and Rovner Scale) are in conformance with previous descriptions that report a progressive complexity increase in both electrophysiological and behavioral features found in hippocampal kindling models 22, 23 . WDS is a stereotyped motor phenomenon which is associated with a characteristic high frequency generalized discharge. WDS may be found during the 1AD, 2AD or during the interval between them. The WDS rate per session initially increased and then decreased along the process, being an inverse relationship to the Racine motor convulsive states observed, which is in agreement with other experiments [25] [26] [27] .
Electrophysiologic pattern
All animals presented in every first session the typical hippocampal kindling electrophysiologic pattern, which is characterized by early appearance of high amplitude primary after discharges, followed by a relatively silent period and rebound discharge with slow and high amplitude waves (secondary afterdischarges), as well as the presence of WDS. Another interesting finding was the type of AD propagation pattern. The AD triggered in the right hippocampus presented a very fast spread to the contralateral hippocampus with a millisecond difference. This fact may be attributed to the presence of inter-commissural hippocampal fibers which hold only one synapse along their traject 28 . In addition to the characteristic electrophysiologic pattern, the progressive 1AD duration increase on the stimulated hippocampus is also congruent with other descriptions 26, 27, 29 . In this study, the progressive 1AD duration increase was observed on both hippocampi, regardless of the type of analysis applied (amplitude and frequency). These two analytic modalities showed to be valuable tools in the evaluation of the afterdischarge triggered by hippocampal stimulation. The distinction between the 1AD end and the beginning of the interval period was enhanced by the use of these tools. The signal processing form used in frequency spectrograms was especially helpful to analyse the signal obtained from the sessions in advanced stage, where simple visual analysis would be extremely difficult to be interpreted as the discharge complexity increased.
In afterdischarge frequency content, high frequency (hF) oscillations were encountered (between 100 and 400 hz), with spatial distribution and wave format similar to those described by Bragin et al. in kainate injected rats (intrahippocampal) and invasive hippocampal recordings from patients with Tle. Bragin et al. described the occurrence of these hF oscillations (ripples) restricted to the injected hippocampus 14 . Ripples described in this study were not only present in the stimulated hippocampus, but also in the contralateral one 11, 12 . It has been demonstrated along this experiment that dorsal hippocampal kindling in rats provides features favoring temporal epileptogenesis studies, due to its progressive installation and increasing AD and behavioral complexity. Another favorable feature of this model is the ability to trigger behavioral seizures, thus facilitating alternative testing of interventional paradigms.
computational advances as described above may benefit research in experimental epilepsy, as new softwares may introduce sophisticated methodologies which will bring up more refined data analysis in classical animal models, such as better understanding of the role of high frequency discharges in hippocampal epileptogenesis as described in this study [11] [12] [13] . These methods may also be applied to signal analysis obtained from different subjects (animal or computational models), improving the investigation of the seizure dynamics.
